Background: Numerous studies have reported on the tibiofemoral articular cartilage contact kinematics, however, no data has been reported on the articular cartilage geometry at the contact area. This study investigated the in-vivo tibiofemoral articular cartilage contact biomechanics during a dynamic step-up motion. Methods: Ten healthy subjects were imaged using a validated magnetic resonance and dual fluoroscopic imaging technique during a step-up motion. Three-dimensional bone and cartilage models were constructed from the magnetic resonance images. The cartilage contact along the motion path was analyzed, including cartilage contact location and the cartilage surface geometry at the contact area. Findings: The cartilage contact excursions were similar in anteroposterior and mediolateral directions in the medial and lateral compartments of the tibia plateau (P > 0.05). Both medial and lateral compartments were under convex (femur) to convex (tibia) contact in the sagittal plane, and under convex (femur) to concave (tibia) contact in the coronal plane. The medial tibial articular contact radius was larger than the lateral side in the sagittal plane along the motion path (P < 0.001). Interpretations: These data revealed that both the medial and lateral compartments of the knee experienced convex (femur) to convex (tibia) contact in sagittal plane (or anteroposterior direction) during the dynamic stepup motion. These data could provide new insight into the in-vivo cartilage contact biomechanics research, and may provide guidelines for development of anatomical total knee arthroplasties that are aimed to reproduce normal knee joint kinematics.
Introduction
Accurate knowledge of articular cartilage contact kinematics is critical for investigation of knee joint function and for development of surgical modalities to treat knee pathology such as using cartilage repair and partial or total knee arthroplasty (Bonnin et al., 2016; Henak et al., 2013; Liu et al., 2010; Lunebourg et al., 2016) . Numerous studies have investigated the tibiofemoral cartilage contact using both in-vitro and in-vivo experimental set ups, including cadaveric knee tests (D'Agata et al., 1993; Guettler et al., 2005) , in silico three dimensional (3D) knee joint modeling (Halonen et al., 2014; Shim et al., 2016) , invivo imaging measurements Carter et al., 2015; Chan et al., 2016; Coleman et al., 2013; Eckstein et al., 2005; Henak et al., 2013; Kaiser et al., 2016; Lad et al., 2016; Liu et al., 2010; Sutter et al., 2015) . While these studies have greatly advanced our knowledge on human knee joint biomechanics, no data has been reported on the articular surface geometry at the contact locations.
The articular surface geometry at the contact area is an important variable that affects the articular contact behaviors, such as contact stress and knee joint stability. In literature, few studies have analyzed the complicated geometry of the tibial and femoral cartilage surfaces using cadaveric knee specimens (Ateshian et al., 1991; Cohen et al., 1999) . These studies measured the surface morphology of the knee, including the tibial and femoral dimensions and shape (represented by the ratio of anteroposterior and mediolateral dimensions) (Kurosawa et al., 1985; Mahfouz et al., 2012) . However, due to the challenge in measurement technologies, it is difficult to determine local cartilage surface shape at the articular contact locations during in-vivo physiological activities of the knee. This information is instrumental for development of surgical strategies to treat cartilage related pathologies http://dx.doi.org/10.1016/j.clinbiomech.2017.09.005 Received 1 April 2017; Accepted 7 September 2017 that are aimed to repair tibiofemoral articular surfaces (such as using cartilage repair and partial or total knee arthroplasty) and to restore normal knee joint function (Henak et al., 2013; Nagerl et al., 2015; Walker et al., 2010; Walker and Sathasivam, 2000) .
Therefore, the objective of this study was to investigate the surface geometry at the articular contact areas of the tibiofemoral joint during a dynamic functional activity of the knee. Since previous studies showed that the cartilage contact areas and thicknesses are different at the medial and lateral compartments during functional activities of the knee Liu et al., 2010) , we hypothesized that the articular surface geometries at the medial and lateral compartments of the tibiofemoral joint are different in the areas of in-vivo articular cartilage contact.
Material and methods

Subject selection
The study was approved by our Institutional Review Board. Ten healthy knees of 5 male and 5 female subjects with no history of previous knee injury and joint pathology symptoms (confirmed by physical examination and MR images acquired during experiment) were tested in this study. These subjects were 36.7 ± 9.3 years old and with a body mass index of 25.5 ± 2.8 kg/m 2 . Written consent was obtained from all the subjects prior to participation in this study.
MRI and dual fluoroscopic imaging procedures
All the subjects were (magnetic resonance) MR scanned using a 3-Tesla scanner (MAGNETOM Trio, Siemens, Malvern, PA, USA) with a surface coil and a fat-suppressed, double-echo water excitation sequence (field of view: 160 mm × 160 mm, image resolution: 512 × 512, voxel size: 0.31 mm × 0.31 mm × 1.00 mm, time of repetition: 24 ms, time of echo: 6.5 ms and flip angle: 25°, imaging time: 12 min). The MR images were used to construct a three-dimensional (3D) model of the knee including femur, tibia, and their cartilage surfaces in solid modeling software (Rhinoceros, Robert McNeel & Associates, Seattle, WA, USA) using an established protocol of our lab.
A combined dual fluoroscopic imaging system (DFIS) and 3D MR imaging based modeling technique was used to capture the knee motion during a dynamic step-up activity. The accuracy of the technique on reproducing knee and cartilage contact kinematics have been extensively validated previously Li et al., 2008; Liu et al., 2010; Wan et al., 2008) . The speed of the step-up activity was not controlled. Each subject performed the step-up in his/her own natural way. The initiation of the knee motion during the step-up motion (foot touching the step) was defined as 0%, and the fully extended knee position was defined as 100% of the step-up motion. The mean maximum flexion angle at the initiation (0%) of the step-up motion was 56.9 ± 5.5°and 1.6 ± 4.1°at the end (100%) of the motion. Kinematics of the knee was analyzed at every 10% of the activity using the fluoroscopic images and the 3D bone models through a 2D-3D matching process (DeFrate et al., 2004) . The corresponding cartilage models were mapped to the bone models at every knee position to analyze the invivo cartilage contact kinematics.
Cartilage contact biomechanics
Cartilage contact area was defined as the overlapping of the tibial and femoral cartilage surfaces (Liu et al., 2010) . Cartilage deformation (%) was defined as the penetration of cartilage mesh models (mm) divided by the sum of the tibia and femur cartilage thickness (mm) and multiplied by 100 (Liu et al., 2010) . The overall peak cartilage deformation locations were defined as the locations of the peak cartilage deformation along the step-up motion path. To quantitatively describe the cartilage contact locations on the femoral condyles, two radial coordinated systems were created using the femoral condyle anatomy Liu et al., 2010) , where both the contact angle (α) (Fig. 1A ) in the sagittal plane and deviation angle (β) (Fig. 1B) in the plane perpendicular to the sagittal plane were measured. The contact angle was defined as the angle between the femoral long axis (parallel to the posterior wall of the femoral shaft) and the sagittal plane condyle radius; the deviation angle was measured between the radius passing the contact point and the lowest point of the fitting circle of the condyle surface in the plane perpendicular to the sagittal plane.
To quantify the cartilage contact location on the tibial plateau, a coordinate system was created, which has been described in detail in a previous study (Fig. 1C) (Li et al., 2005; Liu et al., 2010) . The tibial long axis was defined as the line parallel to the posterior wall of the tibia shaft. The medial-lateral (ML) axis was defined as a line connecting the centroids of the two circles fitted to the posterior edge of the medial and lateral tibial plateau surfaces. The anterior-posterior (AP) axis was perpendicular to the above mentioned two axes. In the ML direction, a location lateral to the AP axis was considered positive. In the AP direction, a location anterior to the ML axis was considered positive. The knee flexion angle was measured as the angle between the tibial and femoral long axes in the sagittal plane. Fig. 1 . The definition for measurement of the (A) contact angle (α) and (B) deviation angle (β) on the femoral condyle cartilage surface, and (C) the coordinate system for measurement of cartilage contact locations on the tibial plateau.
P. Yin et al. Clinical Biomechanics 49 (2017) 101-106 
Cartilage contact area geometry
The geometry of the cartilage contact area on the tibial plateau surface was analyzed using the curvature of the cartilage surface geometry at the peak cartilage contact deformation location. Two orthogonal sectional planes, sagittal and coronal, were created at each peak contact deformation location along the step-up motion path. The profiles of the tibial and femoral cartilage in the contact area on these two planes were fitted using circles and the radii were measured (Fig. 2) . For tibial cartilage, if the tibiofemoral cartilage is in a conforming contact, i.e., its curvature was in the same direction of the femoral cartilage, the radius value was defined as positive; if the tibiofemoral cartilage is in a convex contact, i.e., its curvature was in the opposite direction of the femoral cartilage, the radius value of the tibial cartilage was defined as negative.
Statistical analysis
A repeated measure analysis of variance (ANOVA) and a post hoc Student-Newman-Keuls test were used to determine statistical difference in cartilage contact locations and contact area radii at different time points along the step-up motion path and between medial and lateral compartments during the step-up motion. A statistically significant difference was determined when P < 0.05.
Results
Cartilage contact location
The mean maximum flexion angle at the initiation (0%) of the stepup motion was 56.9 ± 5.5°and 1.6 ± 4.1°at the end (100%) of the motion. The peak contact deformation locations at medial and lateral femoral condyles moved anteriorly and were located at the intercondylar side of the femoral cartilage (Table 1, Fig. 3 ). The total range of contact angle (α) on the medial femoral condyle (71.1 ± 5.3°) was significantly larger than that on the lateral condyle (61.8 ± 2.2°) (P < 0.001). The total range of deviation angle (β) was significantly smaller on the medial (8.4 ± 2.4°) than on the lateral (10.4 ± 1.9°) condyles (P = 0.04).
On the tibial plateau, the peak contact deformation locations shifted posteriorly from 0% to 30% of the step-up motion at both the medial and lateral compartments, and then consistently moved anteriorly from 30% to 100% (Table 2 , Fig. 4 ). In the medial-lateral direction, the peak contact locations moved away from the tibial spine area from 0% to 30% of the step-up motion, and then moved toward the tibial spine area from 30% to 100%. The cartilage contact excursions in anteroposterior and mediolateral directions on the tibia plateau were similar in the Fig. 2 . Schematic diagrams showing the measurement of cartilage surface geometry at the contact areas in the sagittal and coronal planes.
Table 1
The femoral contact angle (α) and deviation angle (β) in the medial and lateral compartments. 7.7 (6.3) 6.1 (3.0) 10.7 (7.4) 9.5 (3.3) 70% − 0.3 (8.4) 6.9 (1.8) 2.0 (8.6) 10.9 (2.9) 80% − 10.6 (7.0) 9.4 (1.5) P. Yin et al. Clinical Biomechanics 49 (2017) [101] [102] [103] [104] [105] [106] medial (AP, 7.2 ± 2.0 mm; ML, 6.4 ± 2.2 mm) and lateral (AP, 7.1 ± 1.9 mm; ML, 6.2 ± 2.0 mm) compartments (P > 0.05).
3.2. Cartilage surface geometry at the contact area 3.2.1. Sagittal plane The sagittal radius of the contact area in the medial femoral cartilage was 23.4 ± 3.1 mm at the beginning of step-up motion, and increased to 27.7 ± 3.8 mm at 40% (Fig. 5A) . It then consistently increased to 33.9 ± 4.5 mm at 80% and slightly dropped down until 100%. The sagittal radius in the medial tibial cartilage was − 60.5 ± 17.8 mm at 0% of the step-up motion. It then increased consistently to − 141.2 ± 31.3 mm at 40% of the motion (Fig. 5B ) and after 40%, the sagittal radius consistently changed to − 38.0 ± 66.5 mm at 100%.
The sagittal radius of the contact area in the lateral femoral condyle cartilage was 18.2 ± 3.3 mm at the beginning of the step-up motion, and increased to 20.6 ± 3.6 mm at 40% (Fig. 5A) . It then consistently increased to 29.6 ± 3.8 until 90% and then slightly dropped down until 100%. The sagittal radius in the lateral tibial cartilage was − 37.6 ± 4.5 mm at 0% (Fig. 5B) . It then increased consistently to − 56.9 ± 38.8 at 30%. After 30%, it decreased with extension and dropped to − 37.8 ± 11.6 mm at 100%.
Coronal plane
The coronal plane radius of the contact area in the medial femoral cartilage was 19.8 ± 4.4 mm at 0% of the step-up motion, and increased to 20.8 ± 4.1 mm at 40% (Fig. 5C ). It only slightly changed until 100%. The coronal radius in medial tibial cartilage was 26.9 ± 6.1 mm at 0% of the step-up motion (Fig. 5D ). It increased consistently to 36.7 ± 11.4 mm at 40%. Beyond 40%, the coronal radius decreased to 29.3 ± 7.8 mm at 100%.
The coronal radius in the lateral femoral condyle cartilage was 18.2 ± 3.3 mm at 0% of the step-up motion, and increased to 20.6 ± 3.6 mm at 40% (Fig. 5C ). It then slightly changes until 100%. The coronal radius in lateral tibial cartilage was 37.6 ± 4.5 mm at 0% of the step-up motion and kept increasing until 40% (47.4 ± 8.5 mm) (Fig. 5D) . It then consistently decreased to 34.6 ± 5.9 mm at 100%.
Comparison of medial and lateral compartments
The mean sagittal radius of the femur cartilage was larger in the medial side than in the lateral side (P < 0.001). No significant difference was found in the mean coronal radii of the medial and lateral femoral cartilage (P = 0.27). The mean sagittal radius in the tibia cartilage was larger in medial compartment than the lateral compartment (P < 0.001). The average coronal radius in tibia cartilage was smaller in medial compartment than in the lateral compartment (P < 0.001).
Discussion
The principal finding of this study was that both medial and lateral compartments were under convex (femur) to convex (tibia) cartilage contact in the sagittal plane, where the radius of the medial tibial articular surface was larger than the lateral tibial side. Our study also found that both medial and lateral cartilage contact locations moved anteriorly on the tibia and move toward the intercondylar part of the femur and tibia during the step-up motion. These data indicate that the medial and lateral tibiofemoral cartilage contact geometries were similar in patterns, but different in dimensions, and therefore, were partially consistent with our study hypothesis.
In general, our data on cartilage contact kinematics during the stepup motion are consistent with those reported in literature during various functional activities. For example, many studies have reported on cartilage contact locations on tibial plateau using various technologies DeFrate et al., 2004; Kaiser et al., 2016; Liu et al., 2010) . These studies revealed that medial contact locations were more anteriorly than the lateral side. Few studies also indicated that the cartilage contact locations on the femoral condyle were located at the inner part of the condylar cartilage Li et al., 2013; Liu et al., 2010) . However, a direct comparison between different studies is difficult since the knee experiences different loading conditions during different activities among these studies.
The observation on convex-to-convex tibiofemoral cartilage contact in sagittal plane at both the medial and lateral compartments may provide important insights into the investigation of intrinsic articular contact biomechanics of the knee. This geometric feature of the articular contact area in medial compartment indicates that the femur is less constrained by the tibial cartilage surface geometry in the anteroposterior direction than a convex-to-concave contact in the mediallateral direction. Therefore, the convex-to-convex contact feature implies that the dynamic stability of the knee joint could depend on a synergistic interaction of articular contact, mechanical function of the meniscus, ligament constraints (such as the cruciate and collateral ligaments), muscle contractions and other tissues around the knee joint (Rao et al., 2015; Reynolds et al., 2017; Wang et al., 2016; Zhu et al., 2017) . Dysfunction of any of these structural components could cause alteration of articular contact biomechanics of the knee and possibly result in damage to the cartilage. It is warranted to investigate the effect of various injuries to the knee joint, such as ligament or meniscus tears, on the articular cartilage contact characters during functional knee joint activities.
In knee arthroplasty surgeries, majority of the total knee replacement component designs have also adopted a femoral convex to tibia P. Yin et al. Clinical Biomechanics 49 (2017) 101-106 concave contact concept (De Valk et al., 2016; Nagerl et al., 2015; Walker et al., 2010; Walker and Sathasivam, 2000) . Recently, medial pivoting knee motion has also been adopted in several knee replacement designs that are aimed to reproduce anatomic knee joint motion patterns (Chinzei et al., 2014; Ishida et al., 2012; Morra et al., 2008; Pritchett, 2011; Schmidt et al., 2003; Schmidt et al., 2014) . However, our data showed that both the medial and lateral cartilage contacts are a convex femur to a convex tibia contact in sagittal plane. Further, the excursions of the contact points on the medial and lateral sides were similar along the anteroposterior and mediolateral directions on the tibial plateau surface, which does not indicate a medial or lateral pivoting motion pattern of the knee during the step-up motion. Knee joint kinematics may be activity dependent and contemporary knee replacement designs need to consider knee function in a variety of functional activities. Our data could provide a useful reference for development of new concepts in anatomic knee joint replacements that are aimed to mimic normal knee joint motion (Varadarajan et al., 2015) . There are several limitations in our study that should be noted when interpreting the data. First, the DFIS cannot image the meniscus motion. Therefore, it is not possible to determine the in-vivo meniscus-cartilage contact in response to physiological loading conditions. Future studies may use dynamic MR imaging technologies to determine functional activities of the meniscus-cartilage contact. Second, overlap of tibiofemoral cartilage surfaces was used to calculate cartilage contact areas. This method may underestimate the actual cartilage contact area because that the actual cartilage surfaces do not penetrate into each other during the articular contact. Futures studies should use the cartilage contact kinematics as boundary conditions to calculate actual cartilage contact deformation. Third, only step-up activity was investigated. Future studies should investigate the articular contact patterns during other daily functional activities, such as walking, running, squatting, to determine the cartilage contact characters under various physiological loading conditions. Nevertheless, we believe that the data reported in this paper provides an important reference in normal in-vivo tibiofemoral cartilage contact biomechanics.
In conclusion, we found that both medial and lateral compartments were under convex (femur) to convex (tibia) contact in the sagittal plane; the medial tibial articular contact radius was larger than the lateral side. Our results also indicated that the excursions of the cartilage locations were similar in the medial and lateral compartments during the step-up motion. These data provide insights into the in-vivo physiological function of the articular cartilage, and could be an important reference for development of anatomic total knee arthroplasty that is aimed to reproduce normal knee joint kinematics.
